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ASTRACT

The transient behavior of a small-scale cryogenic transfer line was investigated during
chilldown to cryogenic temperatures. The vacuum-jacketed apparatus consisted of a
vertical tube followed by a near-horizontal tube. The tube diameter was 1 cm and the
overall length was 4.4 m. The apparatus was equipped with view-ports in the near-
horizontal section to allow visual observation of the flow patterns. Wall temperatures were
measured at various locations along the length of the transfer line. Each test was conducted
at a constant liquid volumetric flowrate at the transfer line inlet until saturation
temperatures were obtained throughout the system. Liquid flowrate was varied by more
than two orders of magnitude and resulted in chilldown times ranging from a few minutes
to several hours. An optimum flowrate exists that minimizes liquid consumption during the
chilldown process. At higher flowrates, there is insufficient time for heat transfer from the
liquid to the wall and inefficiencies result from the greater amount of incompletely
vaporized liquid passing through the system. At lower flowrates, chilldown time and total
ambient heat leak into the system increase, which raises liquid consumption. The
experimental values of liquid consumption are compared to analytical estimates. At low
flowrates, the data compares favorably to a minimum consumption model while at high
flowrates the maximum consumption model overpredicts hydrogen consumption and
underpredicts nitrogen consumption.

INTRODUCTION

The chilldown of cryogenic transfer lines has long been of interest to cryogenic
engineers as evidenced by numerous publications on various aspects of the subject [1-9]. A
method to quickly estimate the minimum and maximum amounts of liquid required to
chilldown a cryogenic pipeline is given by Jacobs [5] and Flynn [10]. These models equate
the loss of internal energy of the transfer line wall to the cooling capacity of the cryogenic
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liquid. More recently, experiments were conducted by the authors to obtain cryogenic two-
phase heat transfer data [11-12]. In the course of these experiments, the transient behavior
of the test apparatus (a long vacuum jacketed line) was investigated as the equipment was
chilled down to cryogenic temperatures. Tests were conducted with both LN, and LH, over
a wide range of fixed volumetric flowrates. The experimental results are reported herein.

APPARATUS

The apparatus was essentially a long slender tube that served as a flow path for the
cryogenic test fluid. The upstream portion of the flow path was a vertical 1.3 cm diameter
tube followed by a 0.95 cm diameter tube inclined 1.5° upward from horizontal. The
vertical section was 1.3 m long while the near-horizontal section was 3.1 m long. A
concentric copper radiation shield (4.4 cm diameter) surrounded the flow path. The tube
and shield assembly was centered in a cylindrical stainless steel vacuum jacket (10.2 and
15.2 cm diameter). The upstream end of the flow path was connected to a bellows
submerged in a supply dewar. The calibrated bellows was compressed at a steady rate by a
stepper motor drive mechanism to produce a known volumetric flowrate at the flow path
inlet. Flowrates for chilldown tests ranged from less than 0.1 to more than 10 cm’/s. At the
downstream end, the flow discharged into a liquid accumulator vented to the atmosphere
through a backpressure regulator. A schematic of the apparatus is shown in Figure 1.

Several materials were used to construct the flow path. Much of the path was stainless
steel tubing (used to minimize axial heat conduction) with copper tubing used in some
locations. The heat transfer test section was made of brass tubing with short glass viewing
sections on each end. In the upstream portion of the near-horizontal section, a preheater
was installed to condition the fluid. The preheater shell was about 63 cm long and had an
oval cross-section. The heater element also had an oval cross-section and was located
within the bottom portion of the shell. The flow path from the dewar to the downstream
end of the test section had a total mass of 1.17 kg. The composition was 48 percent
stainless steel, 19 percent copper, 21 percent brass, 11 percent magnesium oxide (preheater
heating element) and minor amounts of other materials. The internal volume of the
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apparatus from the bellows exit to the downstream end of the test section was 430 cm’.
Further details concerning the apparatus construction are available elsewhere [11].

TEST CONDITIONS AND PROCEDURES

The apparatus was initially warm (250-290 K) with the flow path purged with either
GN; or GH; as appropriate. Pressure inside the vacuum jacket was typically 10 to 107 Pa.
The dewar and bellows were filled with either saturated LN, or LH, at atmospheric
pressure. Discharge was to atmospheric pressure (80-85 kPa in Boulder, CO). Due to axial
conduction through the flow path, the upstream end had an initial temperature gradient that
extended from the bellows to the preheater region. Initial preheater inlet temperatures were
210-230 K. Chilldown was initiated by starting the stepper motor drive. Inlet volumetric
flowrate was constant, but was varied over a range of more than two orders of magnitude
from run to run. Sixteen tests were conducted with LN, over a flowrate range from 0.049 to
14.8 cm®/s. Six LH, tests were performed at flowrates from 0.124 to 14.8 cm’/s. There was
no cooling flow through the radiation shield during chilldown and no electrical power was
applied to the preheater or the test section to generate additional heat input. An analysis of
steady state radiation heat transfer upon completion of chilldown indicated the vacuum
jacket remained at ambient temperature while the radiation shield temperature dropped
about 14 K. The maximum total heat leak into the chilled-down system was approximately
6 W as calculated using a radiation model for long concentric cylinders [13].

Temperatures were recorded at five second intervals at the preheater inlet, test section
inlet and the test section. Pressure was measured downstream of the test section and
recorded. The two-phase flow was videotaped at the downstream window of the test
section. Volumetric flowrate was calculated from the calibrated bellow displacement
function and the selected stepper motor speed. Liquid consumption during chilldown was
calculated using the known flowrate and elapsed time. An additional pressure sensor in the
bellows was not considered to provide accurate absolute readings due to hydrostatic head
effects, but was valuable for sensing the start of liquid outflow from the bellows.
(Generally, a small quantity of trapped vapor in the top of the bellows would exit the
bellows prior to liquid outflow.) The chilldown start time was taken to be at the onset of
liquid outflow. Chilldown was considered complete when the downstream test section
temperature attained a value equal to the liquid saturation temperature plus one percent of
the difference between the initial and saturation temperatures.

TEST RESULTS

A representative example of the recorded wall temperatures during chilldown is
shown in Figure 2. This example is for LH, flow at 0.74 cm’/s. As discussed above, the
initial temperature at the preheater inlet was colder than at the remaining downstream
positions. The preheater cooled to saturation temperature first, followed by the test section
inlet and then the test section. At the highest flowrates, the temperature at the top of the test
section slightly lagged the bottom temperature; otherwise, there were negligible
circumferential temperature differences. It is informative to compare the test section
temperature history to the observed flow patterns seen in the viewport adjacent to the
downstream end of the test section. In the test shown in Figure 2, the initial flow pattern
was single-phase vapor flow that transitioned to isolated liquid drops when 18.5 minutes
had elapsed. The wall temperature was above the Leidenfrost point at this time and the
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FIGURE 2. Example temperature transients (LH, flow at 0.74 cm’/s).

liquid drops were supported by a vapor cushion. The flow then quickly underwent
additional transitions to a wetted wall, slug flow and finally, plug flow. At all but the
highest flowrates, single-phase liquid flow generally did not occur until back pressure was
applied to the system and the radiation shield was cooled with a liquid bypass flow.

Figure 3 shows the chilldown time dependence on the inlet volumetric flowrate. As
expected, the chilldown time decreases with increasing flowrate. The LN, data has an
upward curvature that indicates a loss of cooling efficiency as the flowrate increases. This
can be understood by realizing that as the flowrate increases the fluid has less contact time
with the apparatus and a decreasing percentage of the fluid’s sensible and latent heats are
utilized. Complete chilldown of the apparatus was achieved with LN, over the entire range
of test flowrates. The slope of the LH, curve is slightly steeper than the LN, curve.
Furthermore, the LH, data has an interesting data point at a flowrate of 0.12 cm’/s where
chilldown could not be attained throughout the apparatus due to the insufficient cooling
capacity of the flow. In this case, the exiting flow was superheated vapor and the final
steady temperature of the test section was 30 K above the saturation temperature.

Liquid consumption during chilldown is the product of chilldown time and volumetric
flowrate. Figure 4 shows how the quantity of liquid required for chilldown depends on
flowrate. LN, has a greater dependence on flowrate than LH,. Property differences between
the test fluids are discussed later. The LH; curve shows the effect of insufficient flowrate at
0.12 cm?/s. Complete chilldown was achieved at all test flowrates with LN,. However, with
further reduction in the LN, flowrate, a point would be reached where the flowrate would
not be sufficient to obtain complete chilldown. Knowing that complete chilldown with LH,
was not achieved at 0.12 cm?/s, but did occur at the next higher flowrate of 0.25 cm/s, it
follows that the heat leak can be estimated to be about 6 W using the liquid density and
heat of vaporization. This is in good agreement with the analytical estimate given earlier.
Flynn [14] observes that there is little difference in heat leak for LN, and LH; vacuum
jacketed transfer lines. Assuming this applies to the present apparatus, the minimum
flowrate to achieve complete chilldown for LN, would be about 0.04 cm®/s, which is
slightly less than the minimum test flowrate.

The LN; curve on Figure 4 has a minimum near 0.2 cm®/s while the minimum for LH;
appears somewhat higher based on the more limited data. At flowrates less than these,
liquid quantity increases with decreasing flowrate. This is due to the increasing
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significance of environmental heat leak into the apparatus as a result of increasing
chilldown time. From the limited amount of data of the present work, it is suggested that
the optimum flowrate is about 3-5 times the minimum flowrate required to balance the total
heat leak.

FLOW OBSERVATIONS

The observed characteristics of the flow transitions during chilldown varied
significantly with flowrate for both test fluids. In all cases, the flow seen through the
viewport downstream of the test section was initially all vapor since the liquid inlet flow
was vaporized in the warm upstream portion of the apparatus. With LH,, the lowest
flowrate (0.12 cm’/s) was insufficient to attain chilldown and the observed flow at the
viewport was always vapor. At the next higher flowrate of 0.25 cm’/s, a liquid front
appeared 60 min. after startup. This liquid front was first seen as a shallow liquid layer that
wetted the bottom of the tube as the leading edge passed through the glass section. The
liquid surface was horizontal and the depth of liquid gradually increased as liquid was
pumped into the flow path by the bellows. There was no evidence of nucleate or film
boiling near the front. Temperature measurements indicate that the tube wall was cooled to
the saturation temperature by the cold vapor flowing ahead of the front and that local
chilldown was complete prior to the arrival of the liquid front. Phase change was
apparently limited to evaporation at the liquid surface. At a flowrate of 0.74 cm’/s, the first
appearance of liquid occurred as liquid droplets rolling through the glass tube 18 min. after
startup. In this case, the wall temperature was less than the initial value but above the
Leidenfrost point. The liquid droplets were supported by a vapor film and film boiling was
the primary heat transfer mechanism. After the wall temperature dropped below the
Leidenfrost point, the liquid flow became a continuous stratified wavy flow. The liquid
surface became smoother as the liquid height increased. When the chilldown was nearly
complete, infrequent bursts of annular or slug flow occurred followed by transition to plug
flow after chilldown was completed. At these lower flowrates (0.25 and 0.74 cm’/s), the
upper portion of the tube appears to experience a significant amount of cooling by gaseous
convection or wall conduction to the lower portion of the tube.



At the higher flowrates of 2.5, 7.4 and 15 cm’/s, the first appearance of liquid
occurred as a high-speed burst of a liquid droplet cloud (mist). After the initial burst, the
density and frequency of the droplet cloud bursts increased. The initial droplet cloud
sightings occurred at 6, 2 and 1 min., respectively, after startup. As the chilldown
continued, a thin liquid layer developed on the tube bottom. This wetting of the tube
bottom was sometimes intermittent for a brief interval, but soon followed by a period of
steady liquid presence at the tube bottom. When chilldown was nearly completed, bursts of
annular or slug-like flow completely wetted the tube wall. These events were later followed
by a transition to plug flow after chilldown was complete. At high flowrates, the observed
void fraction decreased to zero or near-zero, while at the low flowrates it was substantially
higher since the heat leak approaches the magnitude of the flow’s cooling capacity (mass
flowrate times heat of vaporization).

The flow observations with LN, were similar to LH,, but with a few differences. With
LN, at the lowest flowrates (0.049 and 0.074 cm’/s) the liquid front advanced unevenly and
the initial liquid layer(s) would dry up completely. At flowrates from 0.12 to 0.74 cm’/s,
larger quantities of liquid were observed prior to the transition from film to nucleate
boiling. The first appearance of liquid was as elongated droplets above the Leidenfrost
point. Brief occurrences of bubble formation on the wall could be observed immediately
after the boiling transition. At the highest flowrates (2.5 to 14.8 cm’/s), the first appearance
of liquid took place at much higher speed. Gas velocities for N, are higher due to the
liquid-to-vapor density ratio of N, being more than three times that of Hy. The liquid was
either suspended as mist in the high-speed gas core flow or it was streaming along the wall
as a film. The droplet clouds or wall films contained increasing amounts of liquid as the
process continued. There was then a rather abrupt transition to slug flow followed by plug
flow and completion of chilldown. At the highest flowrate, transition to single-phase liquid
flow occurred prior to chilldlown completion and a substantial amount of liquid was
discharged.

COMPARISON TO LIQUID CONSUMPTION ESTIMATES

Since the experimental results indicate that heat leak becomes an important factor at
low flowrates, Flynn’s minimum and maximum consumption models [10] were modified
by including an additional term for the extra quantity of liquid required to offset the
environmental heat input. This term was equal to the product of the chilldown time,
average total heat leak rate and the inverse of the heat of vaporization per unit volume. The
average heat leak rate was estimated to be two-thirds of the maximum heat leak rate (4 W).
The heat leak was initially zero and increased to the maximum at the end of chilldown;
however the average value is not one-half of the maximum since the wall specific heat is
temperature dependent. The average heat leak was obtained by numerically integrating the
specific heat curve of the dominant wall material (stainless steel) to find the midpoint
temperature (at which the decrease in wall heat capacity is one-half the maximum decrease
occurring at complete chilldown). This midpoint temperature was then used in the
concentric cylinder radiation model mentioned earlier to obtain the average heat leak. The
minimum model assumes both the heat of vaporization and all of the sensible heat of the
vaporized liquid are available for cooling. It also includes the liquid volume required to
offset the heat leak. The minimum model assumes the transfer line contains only vapor at
the completion of chilldown.

Flynn’s maximum model assumes only the heat of vaporization is available to cool the
transfer line. This was modified to include the additional heat leak term described above. A



second term was added that is equal to the internal volume of the transfer line. This term
was added to the maximum model because the apparatus could contain at least some liquid
at the time chilldown was achieved. The maximum model thus accounts for the liquid’s
heat of vaporization, but none of the sensible heat of the generated vapor, and assumes the
transfer line is filled with liquid at the completion of chilldown. The maximum model
includes the same correction for heat leak as the minimum model.

Both models were numerically evaluated using the temperature dependent specific
heats of the four primary materials used in the apparatus construction and the known
amounts of each material. The liquid consumption models are compared to the LN, and
LH, experimental results in Figures 5 and 6 respectively. The upward trend of the
minimum curves shows the significance of heat leak at low flowrates. The proximity of the
experimental data to the minimum curve for both fluids indicates an efficient chilldown
process at the lower end of the flowrate range. Figure 5 indicates that the chilldown process
was very inefficient at high flowrates for LN,, while Figure 6 indicates that the same
volumetric flowrates for LH, result in liquid consumption well below the estimated
maximum. It was observed that a significant amount of LN, exited the apparatus prior to
chilldown completion and this is the primary cause of the results exceeding the maximum
curve for LN,. The greater liquid-to-vapor density ratio for N, discussed above causes
higher vapor velocities for N, and more liquid is carried through the transfer line without
vaporization than takes place for H, at the same volumetric flowrate. However, liquid
discharge was also observed at high flowrates with H,. Compared to N,, H;, has a lower
heat of vaporization per unit liquid volume, but a higher heat capacity for the vapor and
less entrainment of the liquid since vapor velocities are lower. The explanation for the
overprediction of the maximum model under the conditions of LH, discharge is that the
sensible heat capacity of vaporized H, is neglected in the model, even though it is a
significant factor at all flowrates.

CONCLUSIONS

Experimental data has been obtained for the time and required amount of liquid
hydrogen or nitrogen necessary to completely chill down a long vacuum jacketed cryogenic
transfer line. At high volumetric flowrate at the liquid inlet, excessive amounts of liquid
will pass through the line without vaporization. If the flowrate is too low, the required time
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becomes substantial and liquid vaporization due to heat leak becomes a significant factor.
Also, if the flowrate is less than the rate required to balance the heat leak, complete
chilldown can not be achieved. The present results indicate that an optimum flowrate exists
at which the amount of consumed liquid for chilldown is minimized. The limited amount of
data suggests that the optimum volumetric flowrate is about 3-5 times the flowrate
necessary to balance the total heat leak in a completely chilled down transfer line.

Simple models to estimate the amount of liquid required for chilldown are compared
to the experimental results. At low flowrates, a minimum consumption model based on
Flynn’s model with an additional term to account for the liquid vaporized by heat leak
provides a reasonably good lower bound for both nitrogen and hydrogen. A maximum
model based on Flynn’s model with the added heat leak term as well as a term to account
for the liquid volume contained within the transfer line underpredicts the nitrogen results at
high flowrate primarily due to the large amounts of entrained liquid carried through the
system resulting from the high vapor discharge velocities. The maximum model
significantly overpredicts the hydrogen results at high flowrate in spite of observed liquid
discharge from the transfer line. The overprediction is largely due to the omission of the
sensible heat of the vaporized liquid that for hydrogen is much greater than its heat of
vaporization.
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